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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
Basic creep cavitation models have been used to predict brittle rupture of austenitic stainless steels. It involves the grain boundary 
sliding models, which is the basis of the creep cavitation models, the recently developed cavity formation models and the 
constrained cavity growth models. The individual creep cavitation models are verified with experimental observations. Brittle 
rupture due to creep cavitation that appears as intergranular failure is found to be dominant at high temperatures and long creep 
exposure times. 
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1. Introduction 
In or er to improve the efficiencies of fos il fired power plants and reduce CO2 emi si , s well as save cos s, the 
operating temperature should be increased. The life of co ponents at high te perature is limited by the properties of 
the materials, especially creep strength and oxidation resistance. Austenitic stainless steels are important materials 
when considering raising the temperature of power plants. To reach the desired conditions, it is essential to understand 
the rupture controlling mechanisms in these steels. 
Creep cavitation, which will cause intergranular rupture of materials, is a vital phenomenon for the life of high 
temp ratur  materials. This phenomenon that is referred to as brittle rupture proceeds with the formation, growth and 
coalescence of creep cavities along grain boundaries. Traditionally empirical models have been used to describe 
cavitation where adj stable parameters are fitted to the experimental data. T  improve the understanding new basic 
models for austenitic stainless steel have been developed by He and Sandström (2015, 2016). In this way the use of 
adjustable parameters has been possible to avoid. Models for the formation of creep cavities have been presented 
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where the cavity nucleation is controlled by Grain Boundary Sliding (GBS). The GBS displacement rate is 
proportional to the creep rate in He and Sandström (2015). Unlike cavity nucleation models, the models and 
mechanisms for creep cavity growth have been fairly well established, Riedel (1987). Although fundamental models 
for cavity growth have existed for a long time, they have had limited success in describing observations for austenitic 
stainless steels. Now with the recently developed models for cavity nucleation by He and Sandström (2016), it is 
possible to predict the cavity growth behavior quantitatively for austenitic stainless steels. In the present paper it will 
be demonstrated that with the models for formation and growth of creep cavities, it is possible to predict the creep 
rupture. Rupture due to the formation, growth and coalescence of creep cavities along grain boundaries is called brittle 
rupture. Alternatively, the materials can fail in a ductile manner. Dislocation creep is considered as the main 
mechanism for ductile rupture. Fundamental models for dislocation creep have been developed for Cu by Sandström 
(2015) and for austenitic stainless steels by Vujic et al. (2015) where no adjustable parameters are involved.  
The main aim of the present paper is to summarize the models for formation, growth of creep cavities and use the 
models to predict the creep rupture strength of austenitic stainless steels controlled by creep cavitation. 
2. Creep cavitation models 
2.1. Cavity nucleation models 
As mentioned above, creep cavity nucleation is related to GBS. As proposed by He and Sandström (2015), the 
GBS displacement rate vsd can be expressed as 
sd s crv C                                                                                                                                                            (1) 
where 𝜀𝜀?̇?𝑐𝑐𝑐is the creep rate, and Cs is approximately constant. In the paper of He and Sandström (2015), two models 
were presented, one is the shear sliding model, where grain boundaries are allowed to slide freely. The other is the 
shear crack model, where local parts of the grain boundaries between particles are assumed to form cracks. The 
modelling results can predict the experimental observation of GBS displacement quantitatively for different types of 
austenitic stainless steels, He and Sandström (2015). 
It is well established that creep cavities can nucleate at particles in the grain boundaries. However, nucleation at 
positions where subboundaries meet grain boundaries is also known, Lim (1987). It is assumed that cavities are 
nucleated when subboundary corners or particles on one side of a sliding grain boundary meet subboundaries on the 
other side of the sliding grain boundary, He and Sandström (2016). This is referred to as the double ledge model. The 
final result for the cavity nucleation rate is: 
s
cr cr2 2
sub sub
0.9 1 1cavdn C B
dt d d
 

  
 
 
 
                                                                                                               (2) 
where dncav/dt is the cavity nucleation rate, 0.9 is a factor due to the angle between the grain boundary and the sliding 
direction. λ is the particle spacing and 𝜀𝜀?̇?𝑐𝑐𝑐 is the creep strain rate. dsub is the subgrain size:dsub=KsubGb/σ, where G is 
the shear modulus, σ is the applied stress, b Burgers’ vector and Ksub a constant. For austenitic stainless steels Ksub≈20. 
Eq. (2) is of the same form as the experimental observations namely that the cavity nucleation rate is proportional to 
the creep rate. Now it will be used to predict the creep cavity growth in the following sections. 
2.2. Cavity growth models 
Expressions for growth of creep cavities based on diffusion control are well established that can be found in Chuang 
et al. (1979), Needleman and Rice (1980), Davanas and Solomon (1990), which can be expressed as: 
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  0 0 2
12 1f a
dR D K f
dt R
                                                                                                                        (3) 
where dR/dt is the cavity radius growth rate, R the cavity radius in the grain boundary plane, and σ is the applied 
stress. Kf=(-2logfa-(1-fa)(3-fa))-1 is a factor introduced by Beere and Speight (1978), which is a function of the cavitated 
area fraction fa. fa=(2R/L)2, with the cavity spacing 𝐿𝐿 = 1/√𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐 .0 is the sintering stress 2surf sin()/R, where surf 
is the surface energy per unit area and the cavity tip angle. D0 is a grain boundary diffusion parameter, 
D0=δDGBΩ/kBT, where δ is the boundary width, DGB the grain boundary self-diffusion coefficient, Ω the atomic 
volume, kB Boltzmann’s constant and T the absolute temperature.  
As suggested by Needleman and Rice (1980), Davanas and Solomon (1990), plastic deformation also gives a 
contribution to the cavity growth. The model for plastic deformation controlled cavity growth can be expressed as: 
 
3 cr
dR Rf
dt
                                                                                                                                               (4)   
where ε̇cr is the creep rate. The contribution from diffusion and plastic deformation, Eqs. (3) and (4), are usually added 
directly Needleman and Rice (1980, Davanas and Solomon (1990).  
The opening rate of the cavitated boundary must be compatible with the deformation rate of the surroundings. In 
this case, the cavity growth will be limited by the overall creep rate from the surroundings. This concept was first 
introduced by Dyson (1976) and it is referred to as constrained cavity growth. In the constrained cavity growth model, 
spherical cavities on a grain boundary are characterized by cavity radius R and cavity spacing L. By equating the grain 
boundary opening rate with the average opening rate of the grain facet, the reduced stress which is the true stress 
driving the cavity growth can be obtained, Rice (1981). 
1
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L d

 
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                                                                                                                                    (5) 
where β is a material constant (β=1.8 for homogeneous materials), and d the grain diameter. For the creep rate of 
austenitic stainless steels, a fundamental model has been developed by Sandström et al. (2013), Vujic et al. (2015), 
where no adjustable parameters are involved. By replacing the applied stress with the reduced stress in Eq. (3), the 
final results for the constrained cavity growth rate is obtained. 
  0 0 2
12 1f red a
dR D K f
dt R
                                                                                                                   (6) 
Comparing the diffusion controlled cavity growth model, Eq. (3) with Eq. (6), it can be seen that the only difference 
is that the applied stress is replaced with the reduced stress. The reduced stress, Eq. (5) is a function of the applied 
stress and the creep rate, which demonstrates that the constraints are limited by the creep rate of the surroundings. Eq. 
(6) will be used to model the cavity growth behavior and the brittle creep rupture for austenitic stainless steels. 
2.3. Brittle rupture 
Brittle rupture is a result of the formation, growth and coalescence of grain boundary cavities. In the models, it is 
assumed that brittle rupture takes place when the cavitated area fraction Af on the grain boundaries has reached a 
critical value Aflim. The area fraction of cavities on the grain boundaries can be expressed as 
   21 1 1
10
,
t
cav
f flim
dnA t R t t dt A
dt
                                                                                                               (7) 
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where R(t,t1) is the radius of the cavity at time t that was formed at time t1. ncav is determined with the help of Eq. (2). 
Thus by combining the creep cavity nucleation models and the cavity growth models, the creep brittle rupture strength 
could be predicted. 
The critical value of the area fraction of creep cavities at grain boundaries was chosen as 0.25 here, Sandström and 
Wu (2013), He and Sandström (2016). In SkleniČKa (1997), Naumenko and Altenbach (2007) a value of 1/3 is given. 
Experimentally, a value of 27% has been found by Sklenicka et al. (1992). When the area fraction reaches π/4, the 
cavities will touch each other which will result in failure, Chuang et al. (1979), Riedel (1987). The prediction of the 
rupture stress when the long range coalescence of cavities starts to cause the formation of dominant cracks is not very 
sensitive to the exact value of the critical limit chosen due to the high value of the creep exponent, Sandström and Wu 
(2013). The creep rupture strength of austenitic stainless steels will be modelled based on the combination of brittle 
rupture models and compared to experiments in the following sections. 
3. Modelling results 
3.1. Constants used in the computation  
The constants used in this work are shown in Table 1. 
Table 1. Constants for austenitic stainless steels used in the computations 
Parameter description Parameter Value References 
Frequency factor for grain boundary diffusion δDGB 2.187 5
9.8710 gas
e
R Te



Čermák (1991) 
Shear modulus G (78-0.036×(T-273))×103 MPa Clark (1953) 
Activation energy for creep Q 400 kJ mol-1 Needham and Gladman (1980) 
Atomic volume Ω 1.21×10-29 m3 Arai et al. (1996) 
Boltzmann constant kB 1.381×10-23 J K-1  
Poisson’s ratio ν 0.3 ASM (1991) 
Creep exponent n 5 NIMS () 
Burgers vector b 2.58×10-10 m  
Surface energy per unit area γs 2.8 J m-2 Pitkänen et al. (2013) 
Cavity tip angle θ 70° Rice (1981) 
Pre-exponential coefficient for self-diffusion Ds0 3.15×10-4 m2 s-1 TCS () 
3.2. Cavity nucleation 
Fig. 1 shows the number of cavities per unit grain boundary area as a function of creep strain. The modelling results 
are taken from Eq. (2). The experimental data here is for commercial austenitic stainless steels. It includes three 
materials (304, 304Nb and 304Ti) from Laha et al. (2010) at 750 ºC and 78 MPa, type 347 from Needham and Gladman 
(1980) at 550 ºC and 650 ºC at different stresses, and type 304 from Hong et al. (1986) at 727 ºC and 100 MPa. 
Detailed information is listed in Table 2. The modelling results take the contributions from both particles and 
subboundary corners into account. Although there is considerable scatter in the experimental data, the model gives a 
reasonable representation of the experimental cavity nucleation. The modelling average B value, Eq. (2) agrees well 
with the experimental one. They show the same trend when the number of cavities increases with increasing of creep 
strain. The cavity nucleation rate is proportional to the creep rate. More results for cavity formation can be found in 
He and Sandström (2016). 
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Fig. 1. Number of cavities per unit grain boundary area as a function of creep strain for different types of austenitic stainless steels. Model 
according to Eq. (2) and experimental data from Needham and Gladman (1980), Hong et al. (1986), Laha et al. (2010) 
Table 2. Temperature and stress conditions for observed creep cavitation 
Material Temperature (°C) Stress (MPa) Test time (hour) Reference 
TP304XX  750 78 460-5100 Laha et al. (2010) 
TP304 727 100 250 Hong et al. (1986) 
TP347  550 277-338 154-1660 Needham and Gladman (1980) 
TP347  650 123-184 160-2170 Needham and Gladman (1980) 
3.3. Cavity growth  
The constrained cavity growth model is used to predict the growth, Eq. (6), together with the cavity nucleation 
model, Eq. (2). Fig. 2 (a) shows the comparison between modelling and experimental cavity radius as a function of 
creep time.  
 
 
Fig. 2. Comparison of modelling and experimental cavity growth behavior for different types of austenitic stainless steels. (a) Cavity radius 
versus creep time; (b) cavity growth rate versus creep time. Model according to Eq. (6) and experimental data from Hong et al. (1986), Arzate 
and Martinez (1988), Arai et al. (1996), Laha et al. (2010). 
(a) (b) 
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The cavity radius increases with increasing creep time in a similar way for the model and the experiments. The 
model cavity radius is in range with the experimental values. Most experimental points lie within a factor of 2 of the 
model. Fig. 2 (b) shows the cavity growth rate as a function of creep time. Though there is a big deviation for type 
304Ti, the other materials are within a factor of three from the model, which must be seen as acceptable considering 
the amount of scatter in cavitation data. It can be readily seen from Fig. 2 that based on the cavity nucleation models, 
the constrained diffusion controlled cavity growth models can reproduce the experimental cavity growth behavior 
quantitatively for most investigated types of austenitic stainless steels. 
3.4. Brittle rupture 
Fig. 3 (a) shows the rupture prediction based on the creep cavitation models namely that the brittle rupture for 
18Cr12NiNb (347H) in the temperature range of 600-700 °C. The creep cavitation models can predict the overall 
trend of the creep rupture strength of 347H in a good way. It is seen that the rupture prediction for long creep exposure 
time shows a better agreement than at shorter creep times and higher stresses. The same trend has been obtained for 
other types of austenitic stainless steels, as illustrated in Fig. 3 (b) for 18Cr10Ni (304H) steels in the temperature range 
of 600-700 °C. Similar results have also been observed for 321H and 316H austenitic stainless steels in He and 
Sandström (2016). 
 
  
Fig. 3. Creep rupture prediction for austenitic stainless steels based on creep cavitation models, Eq. (7). (a) for18Cr12NiTi (321H), experimental 
data from NRIM (1987); (b) for 18Cr10Ni (304H), experimental data from NRIM (1986). 
4. Discussion 
4.1. The reduced stress  
In Eqs. (5) and (6) for the constrained cavity growth, a reduced stress exists, which is limited by the creep rate of 
the surroundings. This concept agrees with the physical behavior of the cavity growth during creep deformation. The 
reduced stress, Eq. (5), should be compared with the applied stress. When the reduced stress is significantly smaller 
than the applied stress, it indicates that the cavitation dominates the local creep process, or else, the creep process is 
dominated by the dislocation mechanisms. Fig. 4 shows a comparison of the reduced stress with the applied stress as 
a function of creep time for the cases considered in Fig. 2. The reduced stress controlling the cavitation decreases with 
increasing creep time and temperature. It indicates that in the current investigated cases, the creep rate reduces the 
growth of cavities.  
It should be pointed out, for growth of creep cavities, previous work has been focusing on the unconstrained and 
constrained cavity growth but without considering cavity nucleation models. The current work is based on the recently 
(a) (b) 
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dominated by the dislocation mechanisms. Fig. 4 shows a comparison of the reduced stress with the applied stress as 
a function of creep time for the cases considered in Fig. 2. The reduced stress controlling the cavitation decreases with 
increasing creep time and temperature. It indicates that in the current investigated cases, the creep rate reduces the 
growth of cavities.  
It should be pointed out, for growth of creep cavities, previous work has been focusing on the unconstrained and 
constrained cavity growth but without considering cavity nucleation models. The current work is based on the recently 
(a) (b) 
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developed cavity nucleation models. It has been demonstrated that in this way the creep cavity growth behavior can 
be predicted quantitatively. 
 
 
Fig. 4. Comparison of applied stress and reduced stress as a function of creep time. The reduced stress is from Eq. (5). Experimental data from 
Hong et al. (1986), Arzate and Martinez (1988), Arai et al. (1996), Laha et al. (2010), the test conditions are listed in Table 3 
Table 3. Experimental conditions for comparison to calculations 
Materials Temperature (°C) Stress (MPa) Reference 
SUS304 600 147 Arai et al. (1996) 
TP347XX 750 78 Laha et al. (2010) 
TP304 727 100 Hong et al. (1986) 
TP321 812 49.6 Arzate and Martinez (1988) 
4.2. Comparison of creep rupture models 
It has been demonstrated that the dislocation mechanisms dominate the creep rupture at higher stresses and shorter 
creep exposure times, as shown in He and Sandström (2016). The failure is dominated by creep cavitation at long 
creep exposure times and high temperatures. So the creep cavitation models improve the prediction of the brittle 
rupture at longer creep exposure time. By taking the dislocation creep and creep cavitation into account, it has been 
shown that it is possible to predict the creep rupture strength of austenitic stainless steels quantitatively. 
5. Conclusions 
1. Models about GBS have been introduced. The double ledge model has been presented for cavity nucleation at 
subboundaries due to GBS. The cavity nucleation model can predict the cavity nucleation behavior quantitatively.  
2. Based on the constrained diffusion based cavity growth models, a cavity growth model has been used to predict 
the cavity growth behavior. By combining with the recently developed cavity nucleation models, the cavity 
growth model can reproduce the observations for austenitic stainless steels successfully.  
3. With combinations of the creep cavitation models, the brittle creep rupture strength was analyzed. It was found 
that the brittle rupture results from creep cavitation dominate at high temperatures and long creep times. 
870 Junjing He et al. / Procedia Structural Integrity 2 (2016) 863–870
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